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INTRODUCT ION

The Los Alamos Sclgntific Laboratory has recently begun development
of technique;‘té fracture ol] shale beds hundreds of mete}s-beneath the
earth's surface. Therresulting shale fragment sfzes must permit efflcient
in-place retorting of organic material from the shale. The initial phase
of the program requiresfthe determination of the progérties of the shales
urder dynamic compression. Thgse properties and those of the p;oposed
‘explosives form the base for computer modeling of field events. Here, the
dynamic properties of.oil.shéles and the experimental techniques used to
determine them are discussed.

ELASTIC PROPERTIES : !

The.determination of the elastic constants of oll shales is the first
step'toﬁards understanding the shale's response to both static and dynamic
stresses. Previous investigators have treated the shale as a transverse
isotropic solid (1), (2), (3) since it consists of fine bedding
planes each of which is nearly homogenous and has properties that are
repetitive in the direction perpendicular to the beds.

The shales studied have come from the Anvil Points Hlng. near Rifle,
Colorado. Thirteen shale samples spanning the density range from 1.5 to
2.5 Mg/m3 were ground and x-ray patterns were take: of each. Table !
lists the minerals found in the samples. The assemblages were restricted
to only flve minerals--dolomite, quértz, analcime, calclite and albite.

Compared to reports of minerals from other oll shales, these shales were



unique.in the large percentage of analcime (énalcife) present, the

sparsit9 of calcite and the absence of diffraction patterns from otﬁers

such as byrite, I1lite, and mjcroéline. Thin secti s clearly show the‘

présence of pyrite, thqugh oﬁly in small amounts coﬁcentratéd within CevtapN
layers. Once the minerals were ldentifled}and ihelr volume percentages
_estimated by maklng‘comparlsons with control mixes of pure minerals, it

'_ was f0uﬁd that th; kerogen vo]ume conf;nt could be readily estimated

from the total density of the shale samples and the calculated density

of the mineral assémbiages. whiéh was restricted to a narrow range of

fro; 2.6 to 2.7 Mg/m3 (Table l)i The analclme content lowered the dens.ity

of the shales slightly making the oil yield for a given density lower

than what is normal for Green River ofl shales (4).

The shales were prepared for sound speed measurements by cutting.them
into plates 30 to 60 mm in diameter and 3.0-to 7.5-mm~thick at angles 0°,
450. and 90° to the bedding. Densities were determined using the submersion
method. The sound speeds were determined from the difference In time an
ultrasonic pulse took to traverse an aluminum plate and the combination of
the same aluminum plate and an oil shale plate. Because of interferences
of the ultresoq}c pulses at the shale bedding interfaces, only first pulse
arrivals were measured. Specifically, an aluminum plate is set between
the transmitting and recelving 22-mm-dlameter transducers (10 Mﬁz x-cut
quartz for longltudinal modes and 5 MHz y-cut quartz for shear mbdes).

The first signal arrival through the plate is set to a fiducial on the
screen of a Tektronix 454 oscilloscope. The received pulse Is amplified
by a Tektronix L61A wideband‘amplifier. Th;‘oil shale specimen plate is

placed between the transducers along with the aluminum plate. A suitable

oll or resin Is used to bond all sample-plate-transducer interfaces. The

’



first signal arrival Is again reset to the fiducial using the time-mark R
generator-calibrated "delay'time-multiplier“ dial of_the oscilloscope. The
difference in the transit rimes of the aluminun plate and the plate with shale
Is determined frcm the change in the-"dejay-tlme-ﬁultlpller" dial reading.
Plots of wave velocitles for lee dlf%erent propagatfon modes measured
for this assumed transverée‘isotrqplc solid are displayed - in Filg. |1 as a
~ function of density. Because of the large scatter in tﬁe valugs of any one
ve)ocitf at a glven density, two linear fits having radically different

3

were chosen to represent each of the

3

slopes joined at a density of 2.0 Mg/m

velocities as a function of density. The density, 2.0 Mg/m~, ;oughly

correlates with the density of 2.14 Hg/m3

, which is calculated for a close-
packed sphere system where the spheres have a density of 2.65 Mg/m3 (average
for the mineral assemblages) and the intersticial material has a density of
1.05 Mg/m3 (density of kerogen [4]). At densities less than 2.14 Hg/m3.
according to the model, intimateAcontact between the mineral grains begins
‘to break down.and the velocities reflect those of kerogen containing rloating
mineral particles.
The I}near fits of these 5 velocities, and a description of each are
listed below.
V, = 3.20 + 0.50 (p-1.4) km/s  p = 1.h to 2.0 Mg/m’
= 3.50 + 4,10 (p-2.0) km/s p=2,0to 2,5 Hg/m3 (1)
VI is the longitudinal veloclity dlfected parallel to the shale bedding,
V3 = 2,45 ; 0.50 (p-1.4) km/s p=1.41t02.0 Mg/m3
= 2.75 + 4.10 (p-2.0) km/s p = 2.0 to 2.5 Mg/m> (2)
V3 s the longltudinal velocity directed perpendicular to the shale bedding.
v, = 1.20 + 0.67 (p-1.4) km/s p=1.4to2.0 Mg/m3

= 1.60 + 2.50 (p-2.0) km/s p = 2.0 to 2.5 Mg/m> (3)



2V is both‘the-shear velocity directed perpendicular to tBC'bedding of

the shale, and toe shear veloclity directed parallel to the bedding with

particle motion perpendicular to the bedding.

Vg = 2.75 + 0.50 (p=1.h) ~.p = 1.h to 2.0 Hg/m® |
= 3.05 + 4.10 (p-2.0)  p = 2.0 to 2.5 Mg/m> 4)
' V5 Is called a quaﬁl-lohgltudlnél veiocity dlrectéd at 45° to the bedding.
Ve = 1.70 + 0.50 (p-1.4) p= 1.4 to 2.0 Mg/m>
= 2,00 + 2.75 (5-2;0) p= 2;0 to 2.5 Hg/m3 _ o (5)

Ve lsqtﬁe shgf? veloclty directed parallel to the bedding witn the
particle motion also parallel to the beddlng.

The elastic moduli of the shales can be determined as a function
of.densfty from the velocity-density relations above and the elastic
moduii—density-velocity relations for transverse isotropic or hexagonal
symmetry. The bulk moduli range from 5.0 GPa for 1.4 Mg/ms,‘to 7.2 GPa
for 2.0 Mg/ms. and to 29.6 GPa for 2.5 Mg/m3.

In the measurements reported above, porosity was carefully avoided
so that a correlation between density and sound speed could be established.
The effect porosity and water saturation has on sound speeds and elastic
moduli was measured on a highly porous (12%), low kerogen-content oil
shale from the»Anvil PointsMine. The sound speeds of 30 samples cut at

o

0°, 45°

, and 90° to the bedding were determined both dry and saturated
with water. |

These measurements showed that the 123 porosity appears to have
lowered velocities between 14% and 232‘(Vl-212. V3-|72. Vk-lhz. Vs-l72.
V6-232). Filling the bores with water further lowered the longitudinal
velocities by 103 and the shear velocities by 20%. The porosity apparently

lowered all elastic moduli by 35% :o'hsz, The ''diagonal' moduli further



decreased when the shalebwas s;turated, but the ”off¥diagonal“‘|oduli
increased as did the bulk modujus.

The velocitlies and modull of the end members of the ol shales, the
kerogen'and the minera) assemblages, can be projected from the velocity flts.

3. then using the

If the density of kerogen [s assumed to be 1.05 Mg/m
: velocity fits for the lower density shales, the bulk modulus of kerogen
is calculated to be 3.64 GPa (V¢ = 1.86 km/s). If the density of the

3, then using the veloclty

- mineral assemblage Is assumed to be 2.65 Mg/m
fits for the higher density shales, the bulk modulus of the assemblage Is

calculated to be 40.3 GPa (V¢ = 3.90 km/s). : ’ P

DYNAMIC TENSILE STRENGTHS
In a shock wave's divergent propegatlon"from both spherical and'cylin-

drlcai detonations, the Initial positive comhresslon rapidly converts into
tension, particularly the tangential component. This dynamic tensile siress
is a major contributor to the fracture of the surrounding rock. Another
form of fracture, though minor, caused by dynamic tensile stress is spalling.
Spalling occurs behind a free surface ét which a finite shock wave releases;
fhe resulting rarefactlon wave from the free surface and rarefaction wave
following the shock collide and form a spreading tension wave. Thus, the
dynamic tensile strength of rock is an important property to be determined
when attempting to predict the fracture pattern of a rock in response to
detonation. Hére two techniques are described for determining the dynamic
tensile strength of oil shales; the results of studies using these techniques
are presented.

~The first technique involves the determination of the velocity profile
of the free surface of a plate of oil ghale which has been impacted. This

Is done by monitoring the change in capaclitance “etween the free surface of



the oil shale on which has been depositéd a thin (1000 X) metallic éoat
znd a polar'zed parallel plate. The as;ociated electronic clrcult is
designed so th?t the signai Qoltage Is proportional to the time rate of
change of the capacitance.

In this experimentxthe stress wéve resulting from plate.;mpact pass
throhgh the shale untlil the ﬁron; of thé stress wave reaches the free
surface. There the free surface moves out from its static position at
a velocity approximately equal to the Impac:t velocity. An example of
a history of free surface motion intérpreted from a capacitor record is
shown in Fig. 2. The stress is relieved at the free surface and a release
wave propagates back toward the surface of impact. When the rarefaction
wave following the stress wave and the release wave from the free 5urf$ce
collide, a tension stress Is created which begins to propagate toward
both the ;hrfaces. If the tension at the point of collision creates a
spall immediétely, the tension wave goes no further, and the free surface
continues to move out at a constant velocity equal to the impact velocity.
However, if the tension does not cause spall immediately then at least
part of the tension stress wave reaches tbe free surface resulting in a
slow-down of the =urface velocity. If no spall occurs while the entire
sample is under tenslon, the free surface will return to zero velocity.
The amount of veloclty reduction is proportional to the magnitude of
the tensile strength. |[f the experiment propagated a 0.7-GPa stress pulse
through the shale, and thg free surface velocity was reduced by 50%
before the spall stress reached the rear surface, then the tension which
caused the spall was approximately -350 IPa. .

For the series of experimants conducted on three orientations of shale

at three Impact velocities and various densities,the spall strength can be ’



| estimated to be the order of -100 to -200 HPa. No tere - v i) than this
.could be.obtalned from the limited number of;expetimcnts conducted.

The second techﬁigue involves impacting shales of known shock impedence
and orientatioﬁ to bedding with a thin driver of known shock ‘mpedence gen-
éfating a well deflnedbshock in the shale. The imeedence of the impactor
plate is chésen so that the (nterface between the impactor'and the sample
separate after passage of the rarefaction wave from the rear free surface
of the impactor. Agafn,as in the previous technique, the rarefactlbn from
the impact surface of the shales and their other surface,which Is free,col-
Iidé in the middle region of the shale samples crea;ing a tenslon wave.
fhe.target plate in which the shale samples are mounted is recovered and
the shales are removed and examined for spall. The experimental config-
uration is shown ‘and described in Fig. 3.

The impactor plate used is Plexiglas, po = 1.186, its thickness chosen
to cause collision of the rarefactions midway through the oil shale. Since
the shock Velocfty in shales are within a few percent of their elastic
longitudinal velocities at these stress levels, it was assumed the stress

Induced in the oil shale samples is approximately
P{GPa) = p (Mg/m3) X CL (km/s) x u, {(km/s) (6)

where p is the density of the shale, C, is the measured elastic longi-

L
tudinal velocity, and up Is the particle or Interface velocity between
tlie Plexiglas and shale., Since the stress levels induced were approxi-

mately 100 MPa (0.1 GPa, ! kilobar), the stress induced in the Plexiglas

impact plate Is-approxlmately
P(GPa) = p (Mg/m’) x C (km/s) x (u = u) (km/s) (7)

where p is the density of the plexiglas, CB is the bulk elastic velocity

\



as determined from the Plexiglas Hugoniot (CB = 2.598 km/s), up is the
particle or Interface velocity before impact and up Is the particle or
interface velocity. At Impact, both the stress and the interface velocity
in the oi] shale and the Plexiglas at the interface are the same. If the
shock wave in the oll shale Is not overtaken by the release wave, and the
thickness of the Impact plate Is such as to prevent thls, the magn!tude

of the maximum tenslon induced in the oil shale should nearly equal the

maximum stress Induced In the shale,

(po.s. x cLo.s.) x (p plexy. x Ca plexy.)

(8)

Tension = ~up
(po.s. x CLo.s.) + (o plexy. f,cB plexy.)

where the o.s. ;ubscript denotes oil shale and plexy. denotes Plexiglas.
Both the density and elastic longitudinal velocity of each shale sample are
determined before each impact experiment, and the impact plate velocity is
determined during the experiment (Fig. 3), thus the tension induced in each
sample can be readily calculated.

The diagnosis of an impact experiment is straightforward. The target
plate is recovered In a large rag-filled tank, its back is removed and
the oil shale samples are pressed out. Each shale is examined for spalling.
if the sample spalled into two or more pieces, it is denoted by a dark
circle in Fig. 4. If a crack formed across-the mid-plane of the sample,
but the two halves can not be readily separated from each other, the
experimental polnt is denoted by a half fille? circle. |f the sample remains
whole, it is denoted by an open circle. Figure 4 summarizes the results.
Here the tension induced In the sanples are plotted as a function of the
shale's density. The three plots are for each of three orientations

studied. (See caption for explanation of orientation).



Six different sets of shale were studied .- . - dynamic tensile

3

strengths; one set had a dersity of approximately 1.:° "‘9/m”, one set had

densities slightly greater than 2.0 Hg/mB, two sets had censities in the

3, and two sets had densities near 2,35 Hg/mB. Only

vicinity of 2.2 Mg/m
general conclusions can be derived from Fig. 4. The shales with orientation
6 = 0° are only slightly stronger than those with orieniation 6 = 90°, As

3 clearly show, tensile

the two sets of shales having densities near 2.2.Mg/m
strenygths can vary widely for a given density. It is not possible to resolve
a dependence cf the tensile strength on density. The results do show that
for thesa six sets of shales, the tensile strengths fall somewhere between
~-130 MPa and -30 MPa.

Fell; (5) corducted dynamic tensile strength tests on similar shales
and found them to ,e about -10 MPa for 6 = 90° and -35 MPa for 6 = 0° at a
density of about 2.2 Hg/m3. For a similar density the present results give ;
-20 and also -100 MPa for the two sets at 90° and -50 and also =110 MPa for
the two sets at 0°. The tensile strengths found here are considerably larger
than those found by Felix. The major differences in the two investigations
is the stress rates invclved and the duration of the tension. The stress
rates for the two techniques described here are about -1 GPa/us. The tensile
stress rates in the experiments by Felix are -0.6 x IO-3 GPa/us. In addition,
his material remains under tension for as long as 50 to 60 us, while the
shales for the present experiments are under tension for only about 2 us,
Obviously, the ragnitude of these differences could account for the observed
differences in tensile strengths.

RESPONSE TO PLANE STRESS IMPULSES

Properties of oil shales to dynamic stress can best be determined from’

the analysis of the degradation of finite stress impulses as they pas:

through the shales. Various techniques and analyses are currently used by

various laboratories, mainly originating at the Stanford Research Institute



and the Sandia Laboratory at Albuquerque.

The technique used here Is to measure the stress history of an
impulse at several depths n s shale sample. The sample assembly
conslsts of a stack of shale plates all 4O-mm in diameter. The first
plate Is 2-mm-thl£k. the second and third plates are 4.5-mm-thlck;
and the fourth lc 5-m-thick. The impactor plate Is usually 3-nm-thfck.
The denslity, elasfic properties, and orlentation of all plates are B
matched. Between the shale plates of the sample assembly are 50-ohm

2 in

grids of 0.01-mm-thick manganin foil that cover an area of 40 mm
the center regioi. of the plates. The resistance of the grids are well
defined as a function of stress under impact conditions. The res:stance
is deduced from the voltage generated at the null point of a pulsed
Wheatstone bridge caused by the change in resistance of the manganin
grid. The sample-manganin gaje stack Is placed in a target plate and
surrounded by velocity pins. The entire assembly looks much 1ike that

in Fig. 3 except that the 6 small samples are replaced by the stack,

and the Plexiglas plate mounted on the hollowed Al projectile is replaced
with a shale impactor plate.

In the upper left diagrams of Figs. 5, 6 and 7 are stress histories
recorded in three experiments on oil shales. rThe differences between
the experiments are the orientation of the bedding to the direction
of planar shock propagation, and the shale densities. The response
of the shales to the shock loading and unloading was calculated using
a computer code, GUINSYZ, written by Lynn Seaman of Stanford Research

Institute. The theory on which the code is based and an explanation

of how the code is used was earlier described by Seaman (6). The



*

analysis requires the stress hFSlur:u:, - orrelation of regions on

the stress profiles, the initial dinsity «f the shales, and the initial
gage locations. From the analysis the specific volume, the paftiC!C
velocity, and internal energy of the shales are correlated with the
stress as a function of time at each gage location. In the remaining
diagrams of Figs. 5, 6, and 7 are plotted particle velocity as a function
of the loading and unloading stréss. straim as a function of the loading
and unloading stress, and the loading and unloading wave veloclity as a
function of particle velocity.

These three sets of diagrams represent the responses of only three
combinations of many; other experiments and analyses have been completed
at the same three orientations on other densities of shales at other
stress levels. These are available from the author. Here the general
" character of the response of the shale to impact is described.

At stress less than 1 GPa, as illustrated here, no distinct elastic
wave could be detected moving out from the shock front; this normally
occurs in the shock-loaded deformation of solids that undergo elastic-
plastic yielding. The shock profiles do exhibit some dispersion with
the stress rise times Increasing with distance. This indicates that
the shale yields gradually under shock compression and also manifests
itself in the curvature of the stress-particle Qelocity and stress-
strain plots on loading. It is also indicated by the decrease in the
loading wave velocity with increasing particle velocity or stress.
Several investigators have proposed yielding mcdels for this phenomenon
(3), (7), (8), but models for the response of oil shale to shock
compression are beyond the scope of this study. The stress rise

time at stress levels of the order of 3 GPa exhiblt no dispersion



showing that the shock wave had overrun the elastic component
The ve!ocitles of the shock waves at stresses less than | GPa have
" the same value as - or are sevqral percent smaller than the velocity
of the Iongitudlnpl wave, again Indlicating a sirong'elastlc component.
" This also means that at low stress levels the shoﬁk wave velocfty depends
strongly on shale density and orlentétlon. The rafefaction velocities
or unloading wave veloclties are 20% to 30% faster than the shock
velocities except for the 30 orientation where the ‘initial shock
velocit% is only several percent slower than the rarefgttion velocity,
but th;/veloclty of the shock front decreases rapidly with increasing
stress. The unloading wave velocities at higher stresses,.z GPa
to 3 GPa, are 50% to-B0% faster than the loading wave velocity.
The stress-strain plots in Figs. 5, 6 and 7 are stress- compression
(v - v, ) plots, but the assumption made is that all the compression -ip
uniaxial with no lateral particle motion |nvolved. The greatest stress-
strain hysteresis is exhibited by planar impact perpendicular to the
. bedding, and the exfent of the hysteresis decreases with the angle to the
bedding. It Is not known if the extent of hysteresis can be correlated
with permanent deformation since cbmélete unioadfng is not measured

with the techniques used here. The data is not sufficlent to correlate

the width of the stress-strain hysteresis with oil shale density.
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TABLE i, Composition of 0il Shale,s‘from the

=

Anvil PointsMine, Rifle, Colorado

Whole Shale Dolomi te Quartz Analcime : Calcite Albite’. ‘ . Kerogen
Density 2.85 2,65 2.25 2.65 2,62 1.05
(Hg/m3)

Vol .2 Vol.g? Vol .% Vol.%? Vol.2® - vol.%> we.3"
1.530 35 25 1 A . 15 69 . 47

1.570 35 25 25 nQ 15 67 4s. .
1.760 W 28 ' 17 A0 10 56 3k
1.760 43 20 30 - A0 7 55. 33
1.878 45 23 22 n 0 ‘1o . 49 28
1.893 b5 23 22 O - 10 w27
1.946 35 25 20 15 5 kg 2%
2.028 43 20 nQ 10 27 . b 22
2,040 ‘ 43 20 N0 10 : 27 k) 22
" 2.055 35 25 20 15 5 . 37 19
2.177 35 25 20 0 10 29 1k
2.307 - 34 - 34 , 8 8 16 23 N
2.520 30 22 13 13 22 -8 3

a. An estimate of the volume percent from among the crystalline constituents, based on x-ray powder
diffraction patterns. 5 . .
b. The volume and weight percents of kerogen for the whole shale calculated from the sample density and

the calculated density of the mineral constituents, always between 2.6 and 2.7 Ng/m3 for these shales.



Fig. 1. Elastic wave velocities in transverse isotropic oil
shales having densities ranging from 1.4 Mg/MV3 to

2.4 Mg/mo.
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Fig. 2. The free surface velocity of an oil shale plate that
has been impacted with a'thin plate of similar material.

The history was deduced from data recorded by the capacitor

technique. . .-



et
>

2
-

.Z

3

p=2.34Mg/m3
2

o vo) O < o
o Q Q Qo o
o o ) ®)

(s/7wy) ALIDOT3A J0VIUNS 33Y4

TIME (s )



Fig. 3.

A front §icw of & taréet pl;te (a) and a cross-sectional
view,of an impact experiment (b). -The vléﬁ, (a), shows

the arrangement of the shale samples In the target plate,
machined from Al; Six samples, D, of differenrt densltles
aid orientations are mounted in the target plate, B. Each
sample is bach=d with low density (0.015 Mg/m3) plastic
foam, H, to facilitate mounting the specimens' impact sur-
faces flush with the’farget plate's surface. The specimens
afe held in the plate with a thin layer of epoxy. Shorting
pins, C, of various lengths are used tc determine the
velocity of the impact ﬁlate, G. The front surface of the
impact plate is covered with a 0.01 mm thick Al foil shorted
to the projectile, E. A pulse is generated on a repetative
time-marked oscilloscope sweep as each charged bln is shorted.
The muzzle of the 3 m long, high pressure gas gun used to
dfiQe the projectile is iabeled A, the target plate mounting
screws are. labeled 1, and the unsupported area behind the

impact plate is labeled F.



~ 30mm




Fig. &.

Tne tension to which the oil shél; samples of various
orientations, 6 = 0°, 450 and 900, and densities were
subjected. 'for 8 = 0%, the bediing of the shale was
perpendiéular fo ihe p'ane of impact or parallel to

the direction of impact. Feor 6 = hSo, the begding was

at 45° to both the plane of impact and dir-ction of impact.

~ And for € = 90°, the bedding was parallel to the lane

of impact and perpendicular to the direction of impact.

The open circles denote no fracture, the half circles.

.indicate that the samples cracked but didn't completely

fracturé, and filled circles denote that fracture occurred.

’
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Fig. 5. Response of oil shale (p = 1.89 Mg/m3, e = 0°)

to planar shock loading and unloading.
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Fig. 6. Response of oil shale (p = 2.19 Mg/ns, g = 3o°)

to planar shock loading and unloading.
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Fig. 7.. Response of oi} shale (p = 2.08 Mg/m3, g = 53°)

to planar shock loading and unloading.
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